[1] The magnetized plasma of near-Earth space supports the shear and fast Alfvén, ultralow-frequency (ULF; 1-100 mHz), magnetohydrodynamic wave modes. The fast mode may propagate across the magnetic field, spreading ULF wave energy throughout the magnetosphere, and couple with the shear Alfvén mode to form field line resonances (FLRs). The FLR electric field in the magnetosphere may have sufficiently large amplitudes to energize electrons and enhance radiation belt particle diffusion rates. Ozeke et al. (2009) recently described a technique that related the observed north-south ULF magnetic component at the ground, b n g , with the radial electric field component in the equatorial plane of the magnetosphere, e n eq , via the fields in the ionosphere. In this paper we use a fully coupled ULF wave model to determine the ratio e n eq /b n g for a 5 mHz FLR formed at high latitudes. We find that Ozeke et al. (2009) underestimated the ULF wave magnetic field on the ground which varies with ionosphere Hall conductance. This difference is found to be caused by assuming a decoupled wave mode model for the ionosphere fields. Any relationship that involves ULF wavefields in the ionosphere must include the effects of ULF wave mode mixing.
Introduction
[2] Electrons in the radiation belts of the magnetosphere can be energized to relativistic energies (≥1 MeV) adversely affecting satellite operations in these regions. The mechanisms that accelerate these electrons are not completely understood but high-energy electron fluxes and Pc5 (1-10 mHz) plasma wave power have been shown to be strongly correlated Rostoker et al., 1998] . Hence, one possible process involves the interaction of keV electrons with ultralow-frequency (ULF) field line resonance (FLR) electric fields [Green and Kivelson, 2004; Lotoaniu et al., 2006] . Recent studies have also indicated that ULF waves may be involved in enhancing the loss of radiation belt particles after storm injection [Green and Kivelson, 2004; Lotoaniu et al., 2010] . Present theories of the time evolution of the particle velocity distribution in the radiation belts highlight the effects of ULF wave interactions on the dynamics of relativistic electrons [Parker, 1960] .
[3] Estimates for the electric field in the equatorial region of the magnetosphere are important for calculating the maximum energy electrons gain from ULF waves [Elkington et al., 1999 [Elkington et al., , 2003 ] and for radiation belt loss studies. However, there are very few in situ measurements of ULF electric fields. Therefore, models of the ULF wavefield are often used to infer the electric fields in the equatorial plane. For example, Huang et al. [2010] recently used the Lyon-Fedder-Mobbary (LFM) [Lyon et al., 2004] global magnetohydrodynamic (MHD) model to investigate radial transport of radiation belt electrons and the relationship with ULF waves. Other studies, such as those by Elkington et al. [1999 Elkington et al. [ , 2003 , used an empirical model of the ULF wavefields.
[4] Recently, Ozeke et al. [2009] developed a method for calculating the ratio of the equatorial ULF wave electric field (e eq ) to the magnetic field amplitude (b g ) measured on the ground. The technique used a single mode eigensolution where the ULF wave modes are decoupled. Using a toroidal (m = 0) or poloidal (m = ∞) mode, the equatorial electric field, (e eq ) in millivolts per meter (mVm −1 ) and the magnetic field at the ionosphere, (b i ) in nanotesla (nT) at 3 mHz were related by Ozeke et al. [2009] : where f ob was the experimentally observed FLR frequency on the ground. The value for e eq /b i was obtained from an eigenmode model for toroidal (or poloidal) FLRs and b i was given by Ozeke et al. [2009] :
where b g is the ULF magnetic field amplitude at the ground, L the L shell of the FLR, S P and S H are the height inte-grated Pedersen and Hall conductivities and D g is the full width half maximum of the resonance measured on the ground. The value for h i /R E is the ratio of the height of the ionospheric current sheet above the Earth and the Earth radius, R E .
[5] The difficulties in estimating magnetosphere equatorial electric fields from ground based magnetometer measurements arise from various ionospheric effects on the passage of ULF wave energy through the ionosphere. A number of authors have identified a variety of these effects such as ionospheric shielding associated with a 90°polari-zation azimuth rotation (NDR), amplitude attenuation at larger ULF wave numbers [Hughes, 1974; Hughes and Southwood, 1976; Hughes, 1983] , wave mode reflection and conversion [Yoshikawa and Itonaga, 2000; Sciffer et al., 2005] , inductive shielding effects (ISE) [Yoshikawa and Itonaga, 1999; Sciffer et al., 2004] and the effect of the geomagnetic dip angle [Sciffer and Waters, 2002; Sciffer et al., 2004 Sciffer et al., , 2005 Lysak, 2004] on ULF ground signals. A model capable of accounting for all these effects that also yields the magnetic signature on the ground is essential for estimating and understanding the mapping of ground magnetic signatures of ULF waves to the equatorial magnetosphere electric field produced by FLRs.
ULF Wave Modeling
[6] Estimating ULF wave electric fields in space using ground signatures of the magnetic field perturbations requires an understanding of the ionosphere transition and the wave structure in the magnetosphere. For the shear Alfvén mode resonance (FLR) and associated modal structure, solutions are often simplified by ignoring the perpendicular wave structure or setting k ? = 0. This excludes the compressional (fast) mode in the solution. The 2 1/2-dimensional model used by Waters and Sciffer [2008] allows for the direct calculation of ground magnetic perturbations and includes the effects of the geometry of the geomagnetic field, the inductive and shielding effects of the ionosphere and both wave modes. The model assumes an azimuthal dependence of all electric and magnetic fields of the form e
−im
, where m is the azimuthal wave number [Olson and Rostoker, 1978] . The ULF wavefields at any meridional slice, ( o ) may be evaluated by multiplying the complex solutions by e −im o and taking the real part of the solution. [7] A detailed description of the 2 1/2-D ULF wave model using distorted dipole coordinates is given by Waters and Sciffer [2008] and Lysak [2004] . The ionosphere and magnetosphere contain an overall neutral plasma and the ULF waves are modeled as an electromagnetic disturbance described by the Maxwell equations. The ionosphere boundary uses continuity of the radial magnetic field component which requires spherical geometry while the magnetosphere contains a dipole magnetic field. Since the field aligned component of the ULF wave electric field is zero in the magnetosphere for ideal MHD, a solution grid that begins in spherical coordinates at the ionosphere and changes into dipole coordinates in the magnetosphere simplifies the equations and provides solution wave components closely related to experimental observations. This tilted dipole coordinate system was described by Lysak [2004] . The coordinates are
where R I is the ionosphere radius, r, and are the usual spherical coordinates and cos o = (1 + u 1 ) 1/2 . The transformation from spherical to these contravariant coordinates is obtained through the Jacobian, J. The relevant Maxwell equations are
where V 2 = 1/(m 0 ) and the subscript (superscript) identifies covariant (contravariant) variables. In the magnetosphere for an azimuthal wave number, m = 0, equations (7), (8), and (10) are the fast mode wavefields while (6) and (9) describe the shear Alfvén mode. A nonzero azimuthal wave number couples the equations making the distinction between the wave modes by field components more complicated.
[8] The equatorial Alfvén speed used for the present paper and the associated toroidal FLR frequencies are shown in Figure 1 . The model plasma density varies as a power law along each field / 1/r 4 . Following Lysak [2004] the density at the lower altitude of each field line includes an additional term which exponentially decays from the ionosphere with a scale height of 250 km. This density profile slows the Alfvén speed near the ionospheric boundary, forming the well known ionospheric resonator.
[9] The model is driven by a compressional fast mode at L = 10 R E . The time-dependent driving function is given by
where w is the angular frequency, set to give a 5 mHz oscillation. The c is a scaled spatial variable which is zero at the equator and represents the distance along the field line from the equatorial plane on the L = 10 field line. The spatial variation of the excitation field has a full width half maximum of 1 R E centered around the equatorial plane. The g adjusts the amplitude of the driving oscillation which was set to a maximum amplitude of 10 nT in each run of the model. This fast mode driving function will excite the odd (1,3,5,…) FLR harmonics in the model.
Results
[10] Each model run generated 1250 s of ULF wavefield data, sampled at a 1 s interval. The electric and magnetic field vectors were rotated into dipole coordinates (n, , m) where the coordinate direction n lies in the meridional plane, has a azimuthal orientation while m is in an orthogonal direction and lies along the geomagnetic field. The real part of the time series at each longitude meridian was calculated and Fourier analyzed. The last 1000 s of each time series was used in order to focus on the wavefields after the FLR resonance was formed. For simplicity, the ionospheric conductances were set to a constant value across the ionosphere. This reduces complications arising from conductivity gradients along the ionosphere boundary.
Global Mode (m = 0)
[11] For m = 0, equations (6) and (9) for the toroidal mode components decouple from equations (7), (8), and (10) (the fast mode) and no mode coupling occurs in the magnetosphere. However, ULF wave mode coupling can still occur in the ionosphere if there is nonzero Hall conductance [Yoshikawa and Itonaga, 1999; Sciffer et al., 2004; Lysak, 2004] . For fast mode excitation with m = 0 a global fast mode is generated in the modeled magnetosphere. When the fast mode reaches the ionosphere, part of the energy is converted into a shear Alfvén mode with associated Hall current. In this way the ionosphere provides a mechanism for generating a shear Alfvén mode that may couple into a FLR at the appropriate L shell (≈6.3 R E in this case). This shear Alfvén mode is a toroidal mode with b n = 0 since m = 0 and the equations are decoupled. This mode conversion occurs at all longitudes and latitudes to various degrees which is determined by the fast to Alfvén mode (FA) conversion coefficient discussed by Sciffer and Waters [2002] .
[12] Figure 2 shows the amplitude of various wave electric and magnetic field components of the 5 mHz signal as a function of L shell. Three values for the height integrated ionospheric conductance were used where S p = 5 S and S H = 1,5,10 S. In each conductance case the amplitude of the equatorial magnetosphere electric field, e n eq component shows a clear peak at L ≈ 6.3 R E indicating the shear mode FLR which matches the location of the fundamental FLR shown in Figure 1 for the 5 mHz fast mode driver. Similar peaks in amplitude can be seen in the magnetic field azimuthal component in the ionosphere (b i , Figure 2b ). The fast mode field aligned component, b m i , also shows an increased amplitude around the resonant location in the ionosphere (Figure 2c ).
[13] The toroidal mode shows a nonzero b i FLR signature in the ionosphere producing a north-south, FLR signal at the ground. This is due to the polarization rotation of the shear mode as it passes through the ionosphere, the NDR effect [Hughes, 1974] , into the b n g component on the ground. For m = 0, b g = 0 at the ground [Lysak, 2004] . The fast mode components in the ionosphere (b n i , b m i ) also contribute to the signal at the ground in the b n g component as it does not undergo a polarization rotation in the n − plane in transition through the ionosphere [Sciffer et al., 2005] .
[14] The conversion of fast to shear Alfvén mode is increased with larger Hall conductance as the rotational current system in the ionosphere becomes stronger [Yoshikawa and Itonaga, 2000] . For sufficiently high frequencies, this increases the inductive shielding effect (ISE) of the ionosphere and the fields reduce in amplitude [Sciffer et al., 2004] . The FA conversion also depends on the geomagnetic field dip angle [Sciffer and Waters, 2002] . In general, these all contribute to the fast to shear Alfvéń mode conversion and influence the value for e n eq , the ULF electric field in the equatorial plane. Through the neutral atmosphere, both modes propagate as EM waves and are attenuated at the same rate.
[15] This m = 0 simulation allows the best comparison with the ratios given by Ozeke et al. [2009] since the wave modes can be identified by their field components, unlike the m ≠ 0 case discussed below. The ratio of e n eq in the magnetosphere to b n g on the ground as a function of L is shown in Figure 3 for the same ionosphere conductance values used for Figure 2 . The full width half maxima (FWHM) were estimated from the shear mode ionospheric signal (b i ). Ozeke et al. [2009] quote a factor of 2 between the FWHM in the ionosphere compared with the ground data, so we have used their conversion factor to obtain D on the ground.
[16] The e n eq /b i ratios used to calculate the values in Figure 3 at L = 6.3 R E were taken from the eigensolution by Ozeke et al. [17] The comparison of e n eq /b n g with our coupled wave model results show a large difference. The comparison applies at the FLR location. We have shown that this is a ratio of the shear Alfvén mode equatorial electric field and a ground magnetic field that is a combination of the fast mode and a shear Alfvén mode component generated in the ionosphere, while Ozeke et al. [2009] attribute the ground magnetic field to the shear Alfvén mode alone. The ratios of e n eq /b n g for the two methods are closest when the Hall conductance is larger as this allows an increase in the fast to shear mode conversion in the ionosphere [Sciffer and Waters, 2002] , reducing the fast mode and increasing the shear mode amplitude at the resonant location.
3.2. Nonzero Azimuthal Wave Number (m ≠ 0) 3.2.1. Case 1: S H = 0
[18] Previous research has considered how a nonzero azimuthal wave number couples the two ULF wave modes in the magnetosphere [Chen and Cowley, 1989; Kivelson and Southwood, 1986; Lee and Lysak, 1989 , 1990 , 1991 . These studies used a perfectly reflecting ionosphere boundary. If the fast mode driver has a longitudinal structure given by cos(m) then the fast mode has an amplitude maximum when = np/m for n = 0,1,2, …, while the shear Alfvén mode has maximum amplitude located halfway between the fast mode maxima (i.e., = n + 1/2)p/m for n = 0,1,2, …). Lee and Lysak [1991] pointed out that the fast mode components (e , b n and b m ) are out of phase with the transverse (shear) components (e n and b ). Therefore, for a given m number, the fast mode energy density will be a maximum where the shear mode energy density is a minimum and vice versa [e.g., Proehl et al., 2002, Figure 6] .
[19] The mix of ULF wave modes as a function of the coordinate (longitude) is important for understanding the variation of e n eq /b n g . The description by Ozeke et al. [2009] does not allow for S H = 0. While setting S H = 0 is unrealistic, it does help unravel the complex process that maps the ground to ionosphere ULF fields in the actual system, particularly the effects of wave mode mixing. The ULF electric fields in the equatorial plane are sufficient to demonstrate the mode mix in the magnetosphere as a function of longitude and the following results include energy loss in the ionosphere through the Pedersen conductance.
[20] Figure 4 (top) shows the amplitude of the electric field components in the magnetosphere equatorial plane as a function of longitudinal at the resonant L shell (6.3 R E ). The Pedersen conductance is S P = 5 S and S H = 0. The variation in amplitude of the two ULF wave modes with longitude agrees with previous work [e.g., Proehl et al., 2002] , showing a maximum in the fast mode (e eq ) at = 0°and 90°f or m = 2 while the shear Alfvén mode is maximum at = 45°, between the fast mode maxima, as expected. A similar trend is also seen in the ionospheric magnetic field amplitudes shown in Figure 4 (middle). There is negligible fast mode at the ionospheric boundary at = 45°s ince the shear Alfvén to fast mode conversion coefficient, AF, in this case is very small. A number of parameters determine the ULF mode conversion coefficients including the frequency, conductances, dip angle and wave spatial structure [Sciffer and Waters, 2002] .
[21] Figure 4 (bottom) shows the ground magnetic field where the amplitudes of b n i and b i appear to obey the exponential reduction in amplitude to give the ground values, according to e k ? h i . However, equation (2) has S H in the denominator which is problematic for S H = 0. The exponential decay in the neutral atmosphere arises from the assumption of no Earth (infinite extent atmosphere). Using an assumption of a perfect conducting Earth, the amplitude variation in the atmosphere of the ULF magnetic fields obeys a hyperbolic cosine for typical values of k ? . Equation (2) was developed in the context of a vertical geomagnetic field and addressed the appearance of a ground signal from an incident shear Alfvén mode via the Hall conductance.
[22] At = 45°there is a pure shear Alfvén mode and if the geomagnetic field were vertical then no ground signal would be observed as the current is purely solenoidal [Lysak and Song, 2006] . However, the field aligned current associated with the incident shear Alfvén mode has a component parallel to the ionospheric current sheet due to the dip angle (≈20°for L = 6.3). The component of this field aligned current in the ionosphere is in the n direction and generates a signal on the ground in the b component with no NDR. For other longitudes apart from = 45°the fast and shear Alfvén modes are mixed and the magnetic signatures on the ground and in the ionosphere are nonzero until = 0, 90°w
here we have a pure fast mode with negligible fast to shear mode conversion.
[23] Figure 5 shows the polarization parameters in the (n, ) plane for the ULF electric field at 6.3 R E in the equatorial magnetosphere as a function of for m = 2. A Figure 4 . Amplitude of the ULF wavefield components of (top) the equatorial electric field and magnetic fields (middle) in the ionosphere and (bottom) on the ground for m = 2 at the resonant L shell (6.3 R E ) as a function of longitude (0 ≤ ≤ 90°). The conductances are S P = 5 S and S H = 0 S. The solid lines show the n components of the fields, the dashed lines show the components, and the dotted line shows the m (field-aligned) component. polarization azimuth of zero corresponds to an electric field in the n direction while ±90°puts the electric field in the direction. Positive ellipticity is right hand polarized with reference to the geomagnetic field. At = 0 and 90°the ULF electric field is linearly polarized and in the e component which indicates a pure fast mode. At = 45°the wave is again linearly polarized as a pure shear Alfvén mode. For each S P value the polarization azimuth moves from radial to the orientation over a 45°longitude interval. This indicates the relative contribution from each ULF wave mode. The way the polarization azimuth changes with depends on the Pedersen conductance. For small S P , the polarization azimuth and mode mix changes approximately linearly with at this radial distance. For the larger S P values, the ULF electric field in the equatorial plane is predominantly radial.
[24] The fast and shear Alfvén wave mode mix affects the values for e n eq /b n g and this mix is a function of longitude. The e n eq /b n g ratio is shown in Figure 6 which is infinite at = 45°a s b n g is zero there. The amplitude of the ground magnetic field, b n g decreases since the fast mode reflection coefficient, FF increases for larger S P . The fast to shear Alfvén conversion coefficient, FA = 0 because S H = 0 is the case considered here. Figure 6 for ≠ 45°shows the ratio of the electric field at the magnetosphere equator with the fast mode magnetic component at the ground. FLR eigensolvers that solve for decoupled ULF modes in the magnetosphere must set m = 0 or m = ∞.
Case 2: S H ≠ 0
[25] A more realistic situation is for nonzero Hall conductance in the ionosphere. The effects of the Hall conductance on ULF wave reflection, mode conversion and shielding properties of the ionosphere have been discussed by a number of authors [Yoshikawa and Itonaga, 2000; Sciffer and Waters, 2002; Sciffer et al., 2004 Sciffer et al., , 2005 Lysak, 2004] . The Hall conductance contributes to the ULF mode conversion in the ionosphere. Figure 7 (top) shows the equatorial electric fields for S P = 5 S and S H = 5 S. These are similar to the S H = 0 case but with e eq no longer zero at = 45°yet still small compared with e n eq .
[26] Figure 7 (middle) shows the ionospheric magnetic fields. Mode conversion at the ionosphere and different Figure 6 . The ratio e n eq /b n g as a function of longitude (0 ≤ ≤ 90°) for azimuthal wave number m = 2. The conductance values were S P = 1 S (solid lines), S P = 5 S (dotted lines), S P = 10 S (dashed lines), and S H = 0. i components increase where the shear mode dominates the ULF mode mix in the magnetosphere at = 45°. This is due to the activation of the AF coefficient for nonzero S H . The magnetic fields at the ground are shown in Figure 7 (bottom). The b n g (b g ) is more similar to the b g (b n g ) for the S H = 0 case. The Hall conductance allows a rotational current system [Yoshikawa and Itonaga, 2000] , changing the ionosphere currents that generate the ground signal to give a polarization azimuth rotation. The polarization azimuth in the ionosphere compared with the ground is not necessarily 90°. Sciffer et al. [2005] showed that the polarization azimuth and the NDR depend on the properties of the additional fast mode generated in the ionosphere which modifies the ULF polarization above the ionosphere.
[27] The ratios for e n eq /b n g are shown in Figure 8 . The Hall conductance has a dramatic effect. The e n eq /b n g ratio is no longer infinite as occurred when S H = 0 at = 45°. In fact, e n eq /b n g is approximately constant with for the larger Hall conductances (S H = 5,10). The ratios from the method Figure 7 . Amplitude of (top) the equatorial ULF electric field and the magnetic field (middle) in the ionosphere and (bottom) on the ground for m = 2 at the resonant L shell (6.3 R E ) as a function of longitude (0 ≤ ≤ 90°). The conductance values were S P = 5 S and S H = 5 S. The solid lines show the n components, the dashed lines show the components, and the dotted line shows the m (fieldaligned) component. discussed by Ozeke et al. [2009] are consistently larger by 5-7 times the full wave model results. A more detailed analysis of this comparison is discussed next. Table 1 . The results for longitudinal wave numbers of m = 0 and m = 2 and various conductances are shown. The full width half maxima of the FLR across the resonant L shell were measured in each case to obtain the resonant width on the ground (D g ). The amplitude ratios of e n eq /b n g , e n eq /b i and b i /b n g were calculated at = 45°where the FLR has maximum amplitude for m = 2. The full wave model includes ionosphere inductive processes, dip angle and self consistent latitudinal spatial structure while the eigensolution model of Ozeke et al. [2009] uses an electrostatic ionosphere with no rotational ionospheric current system. In order to compare these different descriptions, equations (1) and (2) were used to calculate e n eq /b n g , e u eq /b i and b i /b n g .
Discussion
[29] The e n eq /b i ratio columns in Table 1 show the two approaches actually end up with similar values. The eigensolver method assumes no Hall conductance and m = 0 for the toroidal solution. This method agrees with the full wavemodel for the b i component at = 45°for m = 2. The full wave model provides additional information on the resonance structure in the magnetosphere. Figure 9 shows the amplitudes of all three magnetic and both electric field components along the resonant field line for = 45°and m = 2. The additional information from the full wave model shows the effect of the ionospheric rotational current system where the e , b n and b m components exponentially decay with increasing altitude. These fields influence the ground magnetic field magnitudes. In addition, the full wave model allows the ratios to be calculated for all ULF wave mode mixes.
[30] Consider the b i /b n g ratios listed on the far right of Table 1 . Yoshikawa and Itonaga [2000] showed that for a vertical geomagnetic field the ULF magnetic field observed on the ground may be larger than that measured above the ionosphere. Sciffer et al. [2004] confirmed this and also showed the effect was enhanced for non vertical geomagnetic fields. The implications are seen in the b i /b n g ratios in Table 1 . In the fully coupled wavemodel the b i /b n g ratios are less than unity for the higher Hall conductances. This shows that b n g at the ground may be larger than b i in the ionosphere, a situation that is not available for the approximation described by equation (2) where the fields exponentially decrease from the ionosphere to the ground.
[31] The b i /b n g values from Ozeke et al. [2009] were calculated from equation (2) where the exponential is dominated by the term with (D) 2 , arising from the half width of the FLR. If D were larger, then b i /b n g would be smaller. Spatial integration of the ionosphere signal at the ground was discussed using a model by Hughes and Southwood [1976] and experimentally by Ponomarenko et al. [2001] who compared radar and ground magnetometer data. The relationship between the scale size in the ionosphere, L i was found to be related to that on the ground, L g by L g ≈ 2H + L i where H is the height of the ionosphere. This makes b i /b n g values either larger or smaller, depending on the measured L i in relation to ≈200 km. However, modifying the exponential term in equation (2) does not give b i /b n g values less than one, as the full wave model does.
[32] In both modeling approaches, using single values to quantify the ULF wave spatial structure may not be realistic. This appears to be less of a concern for an azimuthal wave number spectrum as a more realistic solution may be obtained from a superposition of m numbers [Lee and Lysak, 1991] . Taking a FLR latitudinal profile and assigning a single k x based on the full width half maximum is a greater stretch of the parameters, particularly considering that this is the dominant term in the exponential in equation (2). However, comparisons with our full wave model show that ignoring the fast mode and ULF mode mix at the ionosphere has the greatest effect.
[33] The possibility of estimating the equatorial electric field from ground magnetic field observations depends on the e n eq /b n g ratio. As S H increases for a given S P , e n eq /b n g decreases when using both techniques. In the formulation of Ozeke et al. [2009] , this dependence can be seen from their equation (2) where S H is in the denominator. For the values in Table 1 a prediction of the equatorial ULF electric field using the north-south component magnetic signal measured on the ground at the FLR frequency from the two methods for m = 2 differs by factors ranging from three to seven times with the full wave model consistently predicting smaller values. This is due to the larger b n g arising from the additional fast mode in the full wave model.
[34] Ozeke et al. [2009] compare their predictions with experimental data for an event discussed by Rae et al. [2005] . The FLR frequency was 1.5 mHz with e n eq /b n g = 0.021 with a 72 nT ground magnetic field. The full wave model was run for the same parameters in Ozeke et al.'s Figure 8 . The ratio e n eq /b n g at the resonance location (6.3 R E ) for m = 2 as a function of . The ionosphere conductances were S P = 5 S with S H = 1 S (solid line), S H = 5 S (dotted line), and S H = 10 S (dashed line). The symbols show estimates of the ratio from Ozeke et al. [2009] . The triangle shows the ratio for S H = 1 S, the square shows the ratio for S H = 5 S, and the cross shows the ratio for S H = 10 S.
[2009] work, i.e., 1.5 mHz FLR at L = 6.7, m = 4, S P = 10 and S H = 20 S. The results were e n eq /b n g = 0.025 at = 22.5°, very close to the result from Ozeke et al. [2009] . Table 1 shows the comparison for 5 mHz. The frequency scaling was discussed by Ozeke et al. [2009] in relation to their equation (23) and Figure 5 . Our full wave model agrees with their Figure 5 since we have similar e n eq /b i for the 1.5 and 5 mHz cases. The different values for e n eq /b n g in Table 1 arise from the magnitude of the ground magnetic field component. The full wave model predicts larger amplitude fast mode contribution at 5 compared with 1.5 mHz. The method of Ozeke et al. [2009] does not transfer the fast mode component in the n direction through to the ground.
[35] The agreement between the full wave model and the 1.5 mHz case discussed by Ozeke et al. [2009] arises from the combination of all parameters and is not a simple relationship with wave frequency only. The formulation of Ozeke et al. [2009] excludes the mechanisms discussed by Yoshikawa and Itonaga [2000] that involve the Hall conductance. These are the Rotational Hall Current and the Divergent Hall Current (or the inductive mechanism). The Divergent Hall Current increases with frequency as it is essentially a back emf mechanism. Therefore, the full wave model and the Ozeke et al. [2009] estimates will agree for sets of parameters where these two mechanisms are either both negligible or happen to cancel each other. There is no direct correspondence with the frequency alone. The parameter space also includes the dip angle, Hall, Pedersen and wave conductances and wave scale size. The effects of each of these parameters have been discussed by Sciffer and Waters [2002] and Sciffer et al. [2004, 2005] . For example we can gain some indication of the effect of dip angle from Figures 3 and 4 of Sciffer et al. [2004] . If we consider the low-frequency curve (1,2 mHz) to remove the effects of the Divergent Hall Current, we see that there is little difference in the ratio of the ground to ionosphere magnetic field amplitudes for a vertical geomagnetic field compared to that with a dip angle of 60 degrees, except for low values of a H (=S H /S P ).
Conclusion
[36] All eigensolver methods that decouple the two ULF modes cannot provide realistic estimates of the wavefields near the ionosphere. These methods do provide useful information on the toroidal and poloidal polarization structure in the magnetosphere and realistic values for the ULF fields in the equatorial plane and have been used to estimate the plasma mass density there. This works due to the weighting provided by the variation in Alfvén speed, being a minimum in the equatorial plane. However, ULF wave models that use either perfect reflection conditions or only include S P at the ionosphere do not provide realistic values of the ULF wavefields near the ionosphere. The altitude where the effects arising from S H in the ionosphere can be ignored depends on the amplitude decay properties of the fast mode above the ionosphere.
[37] Acknowledgments. This research was supported by grants from the Australian Research Council.
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